We have developed an in situ mammalian model for evaluating environmental contamination using wild cotton rats. In a series of experiments, 200 male cotton rats were captured during 4 collection periods (spring 1991 = 35; fall 1991 = 60; spring 1992 = 53; fall 1992 = 52). A total of 103 of these cotton rats were captured from control sites, and the remaining 97 were captured from an abandoned oil refinery. All sites were located in the vicinity of Cyril, Oklahoma. There were alterations in the incisors of cotton rats captured from the refinery site. Normal color of cotton rat incisors is deep yellow-orange, which is imparted by a pigment normally produced by ameloblasts. Grossly, the upper incisors of 37 of 97 rats and lower incisors of 54 of 97 rats were affected. The affected incisors were white, chalky, and thin with striations and erosions of the enamel. Microscopic examination revealed that there were dysplastic and necrotic changes in the ameloblasts. The bone fluoride levels were significantly higher in rats captured from the refinery as compared to the rats captured from the control sites.
INTRODUCTION
Abundant fluorides are present in the environment. Fluorides are present in most animal foods, and they occur naturally in or are added to many water supplies (8, 46) . Fluorides are also used in variety of industrial and consumer applications, such as in steel degassing agents, in electroplating, in fluxes, a wood preservative, in the manufacturing of paper, and in distilleries and breweries (33) . Various fluoride compounds are added to tooth pastes, mouth rinses, fluoride tablets, and gels (24) .
Fluorides are known to exert both beneficial and deleterious effects. Proper low exposure levels of fluoride are highly effective in preventing dental car-ies in humans (2, 10, 21, 29, 37, 41) . However, longterm sublethal exposure of fluoride, which results in dental and skeletal changes, has caused great concern in the safety assessment of fluoride compounds.
In a recent review article, over 30 studies on laboratory animals or domestic livestock, where animals had been exposed for more than half of their life expectancy to elevated fluoride levels, have been identified (43) . Of these, all studies on laboratory animals and, with few exceptions, almost all studies on domestic livestock have been experimental. Naturally occurring fluorosis has not been documented in wild rodents. We report here dental lesions compatible with fluorosis in male wild cotton rats captured at an abandoned oil refinery.
MATERIAL AND METHODS
The Refinery Sites. The Oklahoma Refining Company is located in Cyril, Caddo County, Okla-TABLE L-Period of collection, number of rats captured, and number of rats with lesions.&dquo; a a Numbers outside parentheses indicate number of rats from refinery sites, whereas numbers in parentheses indicate number of rats from control sites.
homa. Initial operation of the refinery began in 1920 and continued until bankruptcy was declared in 1984. The refinery is approximately 63 ha in size and consists of the main processing facility, earthen ponds, storage pits, aboveground storage tanks, and a 3.4-ha soil farm for processing the oily sludges. In general, no maintenance of the grounds has occurred since abandonment, resulting in extensive regrowth of a number of perennial and annual herbaceous plants.
The Control Sites. The control sites were selected based on similarity to the contaminated sites at the refinery in vegetative composition and structure and with no evidence or history of petrochemical contamination. These sites are at least 7.2 km apart from each other and are located within the vicinity of Cyril, Oklahoma.
Experimental Animals. A total of 200 young adult, male, wild cotton rats weighing between 80 and 100 g (estimated average age approximately 3-4 mo) were captured at the refinery and control sites during 4 different collection periods: spring 1991 1 (35) , fall 1991 (60), spring 1992 (53), and fall 1992 (52). All rats were captured with Sherman live traps (Sherman Traps, Inc., Tallahassee, FL) baited with rolled oats. After capture, all rats were taken to the laboratory, housed overnight in individual polycarbonate cages with wire tops and wood chips as bedding, and fasted overnight but given tap water ad libitum. The next morning, the animals were anesthetized with Metofane &copy; (Pittman-Moore, Inc., Mandelein, IL) and bled by periorbital sinus puncture. They were then sacrificed by exsanguination and necropsied.
Necropsy and Histology. At necropsy, the following tissues were collected in 10% neutral-buffered formalin: adrenal glands, bones (femur and humerus), brain, cecum, colon, duodenum, epididymis, esophagus, heart, ileum, jejunum, kidneys, liver, lung, lymph node (popliteal), pancreas, thyroids and parathyroids, seminal vesicles, skeletal muscle, skull, spleen, stomach, testes, teeth (upper and lower incisors), trachea, and urinary bladder. All tissues (except for bones, skull, and teeth) were routinely processed, sectioned at 5-6 ~.m, and stained with hematoxylin and eosin. Skulls and 1 pair of bones from each of the 200 rats ( femur and 1 humerus) and teeth (upper and lower incisors) from 184 rats were decalcified and routinely processed. Undecal-cified teeth from the remaining 16 rats (8 from control and 8 from refinery sites with gross lesions) were processed by the cutting-grinding technique for histologic preparation of undecalcified tissues (38) . Teeth sections 8-10 ~m thick were stained by the metachromatic stain Toluidine blue. Fluoride Concentration in Bones. Fluoride concentration in bones was estimated with the use of a fluoride electrode (47) . The pair of bones (1 femur and 1 humerus) from each of the 22 rats (11 from control sites and 11 from refinery sites with incisor lesions) were cleaned by boiling for approximately 1 hr, followed by the removal of any adhering tissue with a razor blade. The bones were then placed in petroleum ether for 72 hr; the ether was changed twice daily. The bones were then dried overnight in an oven, ashed at 550°C, weighed, and then pulverized into a fine powder. The ash was dissolved in 2 ml of 0.25 M HCI, to which 8 ml of TISAB IV buffer was added. Bone fluoride concentration was determined with Orion Research Digital Ionalyzer Model 701 A equipped with a fluoride-specific ion electrode and expressed as parts per million. Serum Chemistry. Sera from all rats (except for rats from the spring 1991 collection) were analyzed for glucose, blood urea nitrogen, creatinine, total protein, albumin, cholesterol, ALT, AST, ALP, total bilirubin, direct bilirubin, chloride, creatine phosphokinase, lactic dehyrogenase, calcium, and phosphorus (Cobas Mira@ Chemistry Analyzer, Roche Laboratories).
RESULTS

The Gross Lesions
The details of number of rats captured per capture period and the number of rats with incisor lesions are given in Table I . A total of 103 rats were captured from the control sites, and 97 were captured from the refinery sites. At necropsy, gross lesions were noted in the upper and lower incisors of rats captured from the refinery sites only. All rats captured from the control sites had upper and lower incisors with a normal deep yellow-orange color (Fig. la) . Thirty-seven of the 97 rats captured from the refinery had lesions in the upper incisors, whereas only in the lower incisors. Affected rats had white, chalky, thin upper and lower incisors ( Fig. 1 b) .
Prominent striations were present on the incisors of some of the rats (Fig. 1 c) .
The Microscopic Lesions
The normal enamel is illustrated in Fig. 2 . As demonstrated, the labial surface of the incisor is composed of a thick, dense, smooth band of golden yellow color pigment referred to as enamel surface. The underlying enamel prism has a highly ordered arrangement created by the optical effect of alternating dark and light bands that are almost perpendicular to the enamel surface. These bands are referred to as Hunter-Schreger bands. Also shown in Fig. 2 is the dentin-enamel junction and the underlying dentin. Figure 3 illustrates the normal structure of ameloblasts and its relationship to the enamel. Ameloblasts as shown here are tall columnar epithelial cells that form a single layer apposed to the forming surface of enamel. The ameloblasts have basally oriented nuclei. The perinuclear cytoplasm contains golden brown globular to granular pigment. Figure 4 demonstrates all layers from the membranous bone to the dentin at the apical end of the incisor.
Marked alterations were present in the upper and lower incisors of cotton rats captured from refinery sites. As demonstrated in Fig. 5 , the enamel surface is not covered by a thick dense band of golden yellow color pigment (cf. Fig. 2 ). Instead, the surface is highly irregular, misshapen, and extremely pale. Figure 6 demonstrates dysplastic ameloblasts. The normally tall ameloblastic epithelium with a palisading arrangement is not noted. Instead, the cells are flattened and obliquely arranged. Nuclei do not have their typical basal ori-entation. As indicated in both Figs. 6 and 7, numerous clusters of golden brown pigment are present in the enamel organ and in the surrounding fibrovascular stroma. As illustrated in Fig. 7 , the ameloblast layer (cf. Fig. 4 ) is no longer visible; in its place, necrotic debris and clusters of golden brown pigment are present. All rats from refinery sites with gross lesions had qualitatively similar changes microscopically. In decalcified sections, the enamel was partially or totally lost during the processing, and there were artifactual clefts between the dentin and enamel and the enamel and enamel organ. In addition, in decalcified sections of rats with gross lesions from refinery sites, there were occasionally basophilic granules present in the enamel and enamel organ.
No gross or microscopic lesions were noted in the skulls, bones (femur and humerus), and stomachs of any of the rats either from refinery or from control sites.
Fluoride Concentration in Bones
The mean bone fluoride concentrations of 11 rats from control sites and 11 rats from refinery sites with lesions are 192 ± 23 and 1,657 ± 527, respectively [mean ± SE as parts per million (jug/g) of bone ash, n = 11; values for refinery sites are significantly greater than those for control sites, p < 0.01].
DISCUSSION
We have developed an in situ mammalian model for evaluating environmental contamination using wild cotton rats. We have so far evaluated effects of environmental contamination on genotoxicity, metabolism (cytochrome P-450 induction), immunotoxicity, and population dynamics (11) (12) (13) (14) (15) . All these experiments were conducted on cotton rats captured at the refinery sites. We chose cotton rats because of their abundant distribution in the United States, their life expectancy of less than 6 mo in the wild, and a confined area of movement of less than 1 ha. Cotton rats live in close association with the soil and surface vegetation; therefore, the likelihood of exposure to contamination is high (35) . In a continuing effort to explore this in situ mammalian model, in the present study, we describe lesions in the incisors of male wild cotton rats captured from this refinery site.
We selected The Oklahoma Refining Company, an abandoned refinery, to evaluate the effects of environmental contamination. This refinery has caused considerable concern over the possible impacts on private and public water supplies located in the Rush Springs area near the facility. Under the directives of the Oklahoma Water Resources Board (OWRB), a private contracting laboratory performed detailed groundwater studies at the refinery. The findings of these studies are published in the reports submitted to the OWRB (16) . It is beyond the scope of this article to present the voluminous data, which record high levels of numerous hydrocarbons and metals detected at the refinery. The contracting laboratory did not estimate fluoride levels at the refinery. In the Executive Summary of the report, it is stated that &dquo;groundwater beneath the refinery is heavily laden with metals and hydrocarbons inclusive of gasolines, chlorinated hydrocarbons and naphthas.&dquo;
Among rodents, rats provide a suitable model for studying dental lesions. The rat is a monophyodont species, but the incisors are continually erupting and, consequently, are continuously susceptible to developmental defects caused by various toxicities or nutritional deficiencies (20, 27, 34, 49) . Because of the continuous eruption, rat incisors are able to register disturbances in the functions of ameloblasts and odontoblasts leading to changes in the enamel and dentin, respectively (26, 36, 40) . The normal color of rat incisors is deep yellow-orange, which is imparted by a pigment normally produced by ameloblasts (6) . The enamel of rodent incisors is formed and completely mineralized in a short period, often in less than 50-60 days, whereas in humans formation of enamel is a long process that may take years to complete (6, 34, 42) . Thus, rats in general provide a suitable model for studying dental lesions, as experiments can often be performed in shorter periods. The structure and developmental aspects of cotton rat incisors resemble those of the laboratory rodents.
The gross lesions in our study include white, chalky, thin teeth with striations and erosion of the enamel. Similar gross lesions have been observed by others in rodents and other species in 2,3,7,8tetrachlorodibenzo-para-dioxin (TCDD) toxicity (40) , fluorosis (22, 32, 33, 44) , and avitaminoses A and E (23, 50) . Of the 97 rats captured from refinery sites, 54 had lesions in lower incisors whereas 37 had lesions in the upper incisors. Thus, 17 rats had lesions only in the lower incisors. This clearly indicates that lower incisors were more severely affected than the upper incisors. In rats, the normal rate of eruption is about 2 mm for the upper incisors and 2.8 mm for the lower incisors per day, indicating that the lower incisors proliferate faster than the upper incisors and are, therefore, more susceptible to toxic and metabolic assaults (49) . In experiments on cyclophosphamide toxicity, lower incisors were affected at the dosage of 50 mg/kg, whereas upper incisors required doses of at least 75 mg/kg to produce similar effects, indicating severe affection of lower incisors (26) . Similarly, more severe lesions in all of the lower incisors, but only 2 lesions in upper incisors, were observed when rats were treated with the potent carcinogen N-nitro-N-methylurea (48) . On the other hand, in the 2-yr carcinogenicity study involving sodium fluoride and Sprague-Dawley rats, more lesions were noted in the upper incisors than in the lower incisors (32) .
The microscopic lesions in the incisors of this experiment included loss of the dense band of golden yellow color pigment on the enamel surface, presence of concentric laminated dense bodies embedded in the enamel surface, thinning of the enamel prism, and lack of Hunter-Schreger bands. These alterations in the enamel were due to lesions in the ameloblasts. The ameloblasts had undergone nonneoplastic dysplasia and degenerative or necrotic changes. Clusters of golden brown pigment were present in the enamel organ and in the surrounding fibrovascular stroma. Similar microscopic changes in the enamel and enamel-producing cells (ameloblasts) have been documented by many researchers in rodents and domestic species of animals. These include TCDD toxicity (40), fluorosis (32, 33, 43) , Tegafur and TAC-27 8 toxicity (1), imbalances in Ca and P (31), vitamin A deficiency (50), vitamin D deficiency (5, 39) , magnesium deficiency (3, 4, 17, 25) , and zinc deficiency (19) .
In the decalcified sections of rats from the refinery sites, we occasionally observed basophilic granules in the enamel and enamel organ. Similar basophilic granules observed by others are thought to be calcium fluoride crystals formed during routine decalcification (30, 32) . Although the gross and microscopic lesions in the incisors of cotton rats match various toxicoses and nutritional deficiencies, and there are numerous hydrocarbons and metals present at the refinery, the lesions most closely match those described in experimental fluorosis in rodents. This is substantiated by significantly higher bone fluoride levels in rats from the refinery sites. In refineries, hydrofluoric acid is used as a catalyst in the hydrofluoric acid alkylation process for the production of isoparafhnic gasolines of high octane number (18) . The end product of the process is tar, which is used for fuel and the HF-water mixture, which is neutralized with lime or a caustic. Leakage of the HF-water mixture from this system appears to be the source of fluoride at this refinery. We observed an almost 9-fold increase in bone fluoride levels in cotton rats from refinery sites as compared to the rats from the control sites (1,657 ppm from refinery vs 192 ppm from control sites). A 30-fold increase in bone fluoride levels was observed in rats ingesting 25 mg/kg/day of NaF in a 2-yr carcinogenicity study (32) . In the National Toxicology Program (NTP) study (7) with Fischer-344 rats and B6C,F, mice, a 2-3-fold increase was observed in bone fluoride levels in rats and mice receiving 25 ppm of NaF in drinking water, whereas up to a 5-8-fold increase and up to a 7-11-fold increase were observed in rats and mice receiving 100 and 17 5 ppm of NaF in drinking water, respectively. In our studies, the rats from control sites had bone fluoride levels of 192 ppm. In the 2-yr NTP study (7) , control rats and mice had considerably higher levels of bone fluoride levels (male rats: 445 ppm; female rats: 554 ppm; male mice: 719 ppm; and female mice: 917 ppm). This difference could be attributed to the composition of the diet and the duration of feeding. In our experiments, the average age of cotton rats at the time of sacrifice is estimated to be 3-4 mo.
Although the bone fluoride levels were significantly higher in cotton rats from the refinery sites, we did not observe any gross or microscopic lesions in the skull or long bones of these rats. In the NTP study (33) , at the 6-mo interim sacrifice no bone lesions were observed, although the bone fluoride levels were significantly higher in treated rats. On the other hand, at the 6-mo interim sacrifice the significantly higher bone fluoride levels were reflected in increased osteoid formation of long bones of both sexes of mice. Periosteal hyperostosis, osteosclerosis, exostosis, and osteoarthritis have been observed in cattle exposed to fluorides (43, 44) . Subperiosteal hyperostosis is also recorded in skull and long bones of Sprague-Dawley rats in the 2-yr carcinogenicity study of NaF (32) . Similarly, in the 2-yr NaF carcinogenicity study of the NTP (7), osteosclerosis was noted in the high-dose female rats only and no bone lesions in the male rats and male or female mice. Whereas in rodent experiments (7, 32) the exposure period was 2 yr, in cattle experiments (43, 44) the exposure period was several years. In our experiments, the maximum exposure period is estimated to be 3-4 mo before the rats were sacrificed. It is quite likely that had these rats been exposed to longer periods they could develop these bone lesions. In the wild, cotton rats are, however, not expected to survive for more than 6 mo (35) .
We did not observe any lesions in the glandular or nonglandular portions of stomach such as observed by others in rodents in fluorosis (7, 32) .
Fluoride has been a component of complex mixtures of environmental contamination, and few researchers have identified fluorosis as the cause of dental lesions when cattle and sheep were exposed to industrial pollutants such as effluents from fossil fuel plants or industrial coal pollution (9, 28, 45) . This is the first report of fluorosis in wild rodents.
We did not observe any lesions in the odontoblasts lining the pulp cavity or in the dentin. Several authors have stated that the enamel-forming cells (ameloblasts) are much more sensitive than dentinforming cells (odontoblasts) and cease to function early in the disease process (34, 42, 49) . In their experiments on antineoplastic drugs such as Tegafur and TAC-278 and in avitaminosis D, researchers have found lesions only in the enamel and ameloblasts and not in the dentin and odontoblasts ( 1, 5) . It is quite likely that in our experimental subjects ameloblasts are preferentially damaged. Analysis of serum chemistry levels revealed that there were no significant differences in any of the substances analyzed (data not shown). Thus, these parameters do not appear to have effect on the development of dental lesions in this study.
The routinely decalcified teeth sections were difficult to evaluate for several reasons such as enamel was partially or totally lost during the processing, irregular shrinkage artifacts were present between the dentin and the enamel and the enamel and enamel organ, normal golden color pigment produced by the ameloblasts was not clearly evident. However, lesions in the ameloblasts such as degen-eration, dysplasia, and necrosis were clearly evident. The histomorphologic details of the dentin, odontoblasts, and the pulp cavity were well preserved in decalcified as well as undecalcified sections. The drawbacks of the routine decalcification technique were eliminated when undecalcified teeth were processed by the cutting-grinding technique (38) . Thus, alterations in the enamel were more pronounced in the undecalcified sections. Dentin is quite different than enamel and can be defined as a mineralized collagenous tissue produced by the odontoblasts.
Dentin is much less calcified than the enamel.
Enamel as it matures loses all its protein when it mineralizes, while dentin retains its collagenous matrix (34, 49) . Thus, in routine decalcified and in undecalcified sections, dentin and odontoblasts can be studied easily, while for studying alterations in the enamel examination of undecalcified sections is of more value. Similar observations have been made by others (40, 49) .
In summary, we report lesions in the incisors of wild male cotton rats from an abandoned oil refinery. These lesions appear to be due to fluorosis.
